Multicomponent seismic technology has been implemented across Wister geothermal field in southern California to evaluate the potential for further development of geothermal resources. The seismic survey was positioned atop the San Andreas fault system that extends southward from the Salton Sea. An interpretation of Wister Field geology was made using both P-P and P-SV seismic data. Two formation horizons, Canebrake/ Olla/Diablo and Deguynos, were interpreted. Seismic time-structure maps were generated for each horizon. The objective of the study was to determine whether productive geothermal resources could be detected and mapped more reliably with multicomponent seismic data than with single-component P-P data. Complex faults associated with the regional San Andreas Fault system were interpreted across the 13.5 mi 2 3D image space. The structural maps created are thought to be some of the most accurate depictions of subsurface structure publicly available in this area of the Imperial Valley. Particular attention was given to documenting faults that cut across deep strata. Both P-P and P-SV seismic showed evidence of such deep faults. Rock properties were analyzed from well logs. Log data showed that clastic rocks at this site exhibited measurable differences in V P ∕V S velocity ratios for different rock types. Specifically, sand-prone intervals were associated with relatively low V P ∕V S velocity ratios, and shale-dominated intervals had higher V P ∕V S ratios. Using this rock physics behavior, V P ∕V S values derived from seismic traveltime thicknesses were useful for recognizing lithological distributions and identifying favorable reservoir facies. Seismic data across Wister Field, like seismic data across many geothermal fields, have a low signal-to-noise character. We demonstrate that a unified and integrated interpretation of P and S data, even when seismic data quality is not as good as interpreters wish, can still yield valuable information for resource exploitation.
Introduction
Conventional single-component seismic technology has been applied in geothermal exploration for more than 40 years. However, many geothermal reservoirs are composed of structurally deformed high-velocity rocks that can be influenced by high-temperature steam, reservoirs systems often are beneath complex surface geology, and geothermal prospects commonly have large lateral changes in seismic wave velocities in their complex subsurface layering of hard and soft rocks. These factors combine to create low signal-to-noise P-wave seismic data. Even though multicomponent seismic technology is more attractive for geothermal reservoir characterization, lithologic identification, pore-fluid prediction, and fracture detection than single-component P-wave technology, few studies have used multicomponent seismic technology to detect productive geothermal facies (Rabbel and Luschen, 1996; Lou and Rial, 1997; Rial et al., 2005) . Our reason for publishing this work is to provide the geothermal development community a case history that documents comparative values of multicomponent and single-component seismic technologies.
Our study uses a 3D converted-shear-wave (P-SV) project to reduce geothermal exploration risk at the Wister Field in the southern portion of the Imperial Valley of California. These data were acquired using vertical vibrator sources and single-point multicomponent (3C) geophones.
In this paper, a 13.5 mi 2 3D multicomponent seismic data set is interpreted and analyzed with guidance provided by well logs acquired within the seismic image space. The objectives of this study are to interpret and assess potential reservoir units, characterize fault and fracture geometries, evaluate the potential for further development of geothermal energy, and determine what advantages multicomponent seismic data offer over single-component P-wave data when characterizing geothermal reservoirs.
In our interpretation, we were guided by the principle that geothermal production tends to be directly related to fracturing. Production wells should therefore be sited near major faults or within areas where wellbores have a high probability of penetrating significant intervals of fractured strata. From a multicomponent 3D seismic data interpretation perspective, the fundamental requirement for siting productive wells is to place a wellbore where seismic data infer significant stratal movement and distortion have occurred because such rock deformations are indirect, but valuable, indicators of fracturing.
Regional geology and stratigraphy
Our study site was located within a complex zone of strike-slip faulting and oblique crustal extension and compression that defines the tectonically active boundary between the North American plate and the Pacific plate in southern California as shown in Figure 1 (Dorsey, 2006) . A generalized stratigraphic column for this area of the Imperial Valley is illustrated in Figure 2 .
Wister Field is located in a Cenozoic sedimentary basin. The lower part of the Neogene section is the Split Mountain Group, consisting of lower Miocene continental sandstones and conglomerates of the Red Rock Formation (Kerr and Kidwell, 1991; Winker and Kidwell, 1996) . In some places, these strata are conformably overlain by volcanic basalts, breccias, and interbedded basalt-clast conglomerates of the Middle Miocene Alverson volcanics (Ruisaard, 1979; Gjerde, 1982; Kerr, 1982) . The Upper Miocene section is the Latrania Formation of the Imperial Group that conformably transitions from Split Mountain strata. The Latrania Formation is conformably overlain by regionally extensive fine-grained marine deposits of the Deguynos Formation (Remeika, 1995; Winker and Kidwell, 1996) . Upper Pliocene strata contain the Palm Spring Group, composed of thick accumulations of nonmarine sedimentary rocks that form the Canebrake/ Olla/Diablo, Tapiado, and Hueso Formations. Pleistocene strata were deposited as coarse nonmarine sedimentary rocks. From lithology data interpreted from well 12-27 in Wister Field (Figure 2) , there are two reservoir intervals of interest. The shallower reservoir, the Canebrake/ Olla/Diablo Formation, is approximately 170 m (558 ft) thick in well 12-27 with its top positioned at a depth of 488 m (1600 ft). The deeper reservoir interval spans the Latrania and Split Mountain Formations. This second reservoir interval is interspersed over a rock layering more than 610 m (2000 ft) thick that starts at a depth of approximately 1173 m (3850 ft).
Interpretation
Synthetic seismograms and correlation of well log and seismic data
To define geologic formation tops on seismic sections, it is essential to establish a reliable tie between well-based synthetic seismograms and seismic data local to a calibration well. For our calibration, we used a dipole sonic log acquired in well 12-27 inside the seismic image space in which data recording extended downward to the top of seismic basement. P-P and P-SV wavelets extracted from seismic data at the 12-27 well location were combined with V P and V S velocities measured from these dipole log data to generate P-P and P-SV synthetic seismograms for seismic interpretation purposes.
The P-P synthetic seismogram from well 12-27 (Figure 3c) was compared with migrated P-P data local to the well (Figure 3d ) to develop correlations between geologic formations and P-P seismic events. Visual inspection of Figure 3 shows that the registration of the P-P seismogram with the migrated P-P data is not ideal, but the synthetic seismogram did provide valuable guidance for picking P-P reflection events that corresponded to, or closely approximated, targeted formation tops. This seismic calibration strategy led us to position the top of the Canebrake/Olla/Diablo Formation on a strong peak of the 12-27 well trace at a P-P time of approximately 300 ms and the top of the Deguynos Formation at a reflection peak positioned at approximately 630 ms (Figure 3e) .
A P-SV synthetic seismogram was generated in P-SV image-time coordinates using V P and V S velocities measured from dipole sonic log data acquired in the 12-27 well. Because a P-to-SV reflection coefficient is zero at normal incidence (by definition), a P-SV synthetic seismogram was constructed by allowing small values of nonnormal incidence and summing P-to-SV reflection magnitudes over a narrow range of near-vertical incidence angles. As was the case with the P-P synthetic seismogram, the agreement between the P-SV synthetic seismogram and actual P-SV data was not ideal, but the P-SV seismogram still provided guidance about where to position key stratigraphic interfaces in P-SV migrated data. Using the P-SV synthetic seismogram as a guide, we placed the top of the Canebrake/Olla/Diablo Formation at approximately 900 ms on the 12-27 well trace in P-SV image space and the top of the Deguynos Formation at approximately 1460 ms (Figure 3) . The correlations between geologic formation boundaries and seismic reflection surfaces were determined by comparing synthetic seismograms and seismic profiles (Figure 4).
Registering P-SV and P-P seismic data
To directly compare P-SV data with P-P data, an interpreter needs a reliable technique that converts P-SV image time to P-P image time. We used the following equation:
where ΔT ps ∕ΔT pp is the ratio of correlated time intervals across any analysis window, to relate P-SV image time at depth Z to P-P image time at that same depth (Hardage et al., 2011) . At Wister Field, the V P ∕V S velocity ratio can be calculated from V P and V S dipole log data to provide a calibration curve that allows an acceptable depth registration of P-SV to P-P image volumes across intervals of interest. From our calibration data, a strong reflection peak at 470 ms P-P time and 1200 ms P-SV time correlates to a depth of approximately 460 m at the 12-27 calibration Figure 4 . (a) P-P profile across well 12-27, (b) P-P synthetic seismogram, (c) P-SV synthetic seismogram, (d) P-SV profile across well 12-27. The well trace is superimposed (red) on the seismic data traces. Figure 3. (a) The V P log, (b) bulk density, (c) P-P synthetic seismogram, (d) P-P seismic trace at well 12-27, and (e) P-P profile seismic across well 12-27. (f-j) Same sequence of data for P-SV data. No stretch or squeeze is applied to the synthetic seismograms. The well trace is superimposed (red) on the seismic data traces.
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well. Reflections at these depths are important in our interpretation because they correspond to a deeper sand zone of the Canebrake/Olla/Diablo Formation that has attractive properties for a geothermal reservoir. The correlation between P-P and P-SV data that have been adjusted to approximately be depth-equivalent images for this reservoir target is illustrated in Figure 5 . The P-SV profile obviously has reduced frequency content compared to the P-P profile, but the structural configuration of the strata is reasonably consistent in P-P and P-SV image spaces.
The structural equivalence of P-P and P-SV images can be illustrated by overlaying interpreted P-P interfaces on the P-SV data (for example, the solid red line in Figure 5 ). This interpretation strategy shows that there are slight differences between time horizons from P-P seismic data and P-SV seismic data. Some of this difference is caused by using a spatially invariant V P ∕V S ratio function to register P-SV and P-P seismic volumes, when in fact V P ∕V S changes across the image space. Nevertheless, the small differences between time horizons in P-P and P-SV seismic volumes show that this geothermal reservoir interval can be identified and characterized by V P ∕V S ratios even when data quality is poor. A wider view of depth-registered data across the shallow reservoir interval is displayed in Figure 6 .
P-P and P-SV data interpretation
Two horizons -the tops of Canebrake/Olla/Diablo and Deguynos Formations -were picked in the data volumes, and their time-structure maps are shown in Figure 7 . The structural trends shown on the P-P and P-SV time-structure maps are similar. Strata to the northeast are higher than to the northwest, and the formation dip is southwest. Fault orientations are reasonably consistent and trend northwest to southeast. P-P and P-SV fault configurations in some locations have different trends (Figure 8 ). The comparisons in Figure 8b show, in a subjective way, that P-SV seismic data have a better signal-to-noise ratio than do P-P data. Horizons and faults can be identified and interpreted more confidently in P-SV seismic data in this particular area. Figure 8a shows there are apparent vertical displacements and sharp bends in horizons in P-SV sections that are not as obvious in P-P sections. Locations where such differences were noted are indicated by circled faults on the P-SV maps in Figure 7 . With additional analysis we gradually developed greater confidence in fault indicators seen in P-SV data when compared to the same horizons in P-P data.
Our interpretation of these seismic data causes us to conclude that most faults in the northeast part of the image space are detachment faults. The seismic data show that these faults extend downward to the top Figure 5 . Unstretched and unsqueezed P-P seismic data and P-P synthetic seismogram displayed with a time-squeezed P-SV seismic section created using a log-based V P ∕V S velocity ratio. The data are adjusted to a depth datum of 460 m. The interpreted P-P structure (solid red line) is superimposed on the P-SV data to illustrate the structural similarity of the two images. The well trace is superimposed (red) on the seismic data traces.
Interpretation / May 2014 SE129 of the seismic basement, are low-angle normal faults in their early stages, and have increasing throw with the deposition of overlying sediments. The seismic data also show detachment faults in the west activated earlier than those in the east. However, the east detachment faults moved over a longer time period and thus affect shallower strata. Faults dipping southwest are interpreted as adjustment faults that were activated in Pliocene time (Figure 9 ).
Rock properties
P-and S-wave velocities within different lithologies were analyzed using a dipole sonic log acquired in well 12-27 of Wister Field. For the Canebrake/Olla/Diablo Figure 7 . (a) P-P time-structure map of the Canebrake/Olla/Diablo horizon, (b) P-SV time-structure map of the Canebrake/Olla/Diablo horizon, (c) P-P time-structure map of the Deguynos horizon, (d) P-SV time-structure map of the Deguynos horizon. The circles mark locations where P-SV data show fault evidence that cannot be found in P-P data. Figure 6 . (a) Time-squeezed P-SV seismic profile and (b) an unsqueezed P-P seismic profile across well 12-27. The magenta line is an interpreted horizon in the P-P seismic data. The green line is the depth-equivalent interpretation of the same horizon in P-SV seismic data. The well trace is superimposed (red) on the seismic data traces.
SE130 Interpretation / May 2014
Formation, clean sandstones have gamma-ray values ranging from 45 to 70 API, P-wave slowness of 142-170 μs∕ft, and S-wave slowness ranging from 375-500 μs∕ft. In contrast, mudstones have gammaray values ranging from 70 to 100 API, P-wave slowness of 104-142 μs∕ft, and S-wave slowness of 270-375 μs∕ft (Figure 10 ). For the Split Mountain Formation, clean sandstones have gamma-ray values ranging from 20 to 60 API, P-wave slowness extending from 45-58 μs∕ft, and S-wave slowness of 78-100 μs∕ft. Volcanic rocks in this same interval have gamma-ray values ranging from 70 to 100 API, P-wave slowness of 58-85 μs∕ft, and S-wave slowness of 100-160 μs∕ft.
Crossplots of P-wave and S-wave velocities and V P ∕V S ratios are shown in Figure 10 . Over the interval from 990 to 2121 ft, the V P ∕V S value ranges from 2 to 3.5. The good reservoir of the Canebrake/Olla/Diablo Formation has a low V P ∕V S value (2 to 2.6). In contrast, mudstones have a relatively high V P ∕V S value (2.6 to 3.5). Interpretation / May 2014 SE131 V P ∕V S map and lithology interpretation An average V P ∕V S ratio map of the Canebrake/Olla/ Diablo Formation was computed from P-P and P-SV traveltimes across the interval between the Canebrake/Olla/Diablo and Deguynos using the equation noted earlier. Figure 11 shows that this V P ∕V S ratio changes across the seismic image space. The regions where the V P ∕V S ratio is less than 2.6 are located in the southwest portion of the Wister seismic grid and are interpreted as areas of sandstone enrichment (Figure 10) , which would be locations of favorable geothermal reservoir facies.
Curvature attribute analysis
Curvature attributes were calculated from P-P and P-SV data to identify areas and zones that were most likely to be fractured. The trends of curvature values in both seismic volumes were dissimilar. Warm colors on the maps displayed as Figure 12 indicate higher likelihoods of fracture occurrence. Curvature values calculated from P-P data show a random distribution of strong warm colors in the northeast portion of the study area. Although this erratic curvature could suggest a strong likelihood of shattered rock and fracture development in this part of Wister Field, inspection of the P-P seismic data caused us to conclude these curvature values were related to the reduced quality of P-P data in the northeast portion of the image space. Some of the differences in P-P and P-SV curvature are probably caused by variations in P-P and P-SV wavelengths. However, we tentatively concluded that the lowered P-P data quality and the erratic P-P curvature values Figure 9 . (a) P-SV interpreted section (b) P-P interpreted section. Inset maps show faults affecting the yellow-dashed (Olla) horizon.
SE132 Interpretation / May 2014 associated with this reduced P-P data quality may be caused by steam occupying a small percentage volume of the pore space in rocks in the northeast region of the seismic image space. Void spaces of rocks with steam (gas) saturation as low as 5% can have a profound effect on P-P data. In contrast, the effect of steam saturation on P-SV data is expected to be much less.
An attraction of the P-SV curvature behavior (Figure 12b) is that there are several narrow continuous trends of red/yellow (warm) curvature values that are quasi-linear or arcuate as an interpreter would expect fault trends to be in map view. Some of the more obvious of these trends are labeled AA, BB, CC, and DD. The areas enclosed by the dashed lines have minimal curvature and should not have large fracture populations. The mild curvature in these areas is again easier to interpret from the P-SV data than from the P-P data. In short, we conclude that P-SV data are more sensitive to fractured intervals and subtle faults than are P-P data, especially so if the fractured rocks are invaded by hot steam. This characteristic of S-wave data increases the value of multicomponent seismic data for interpreting this geothermal reservoir.
Conclusions
We conclude that multicomponent seismic data provide complementary information when combined with single-component P-wave seismic data for evaluating geothermal resources. P-P and P-SV images can be interpreted jointly to delineate structure, stratigraphy, and fault systems. The V P ∕V S values computed from time-thickness ratios are particularly useful for predicting rock type as well as for delineating reservoirs. This valuable rock attribute (V P ∕V S ) cannot be constructed unless S-wave seismic data are available. Anomalies interpreted from curvature maps show that P-SV data yield more realistic pictures of fault systems and fracture trends than do P-P data. This observation is particularly true when P and S wavefields may be propagating through a medium where there is a low concentration of gas (or steam) in the pore spaces of the rocks. We recommend that P-P and P-SV curvature maps be created to aid the identification of subtle faults and fracture swarms in geothermal systems.
